Introduction

T
HE Hall effect thruster's (HET's) combination of high specific impulse, efficiency, and thrust density has increased its popularity for use as spacecraft propulsion. As the availability of in-space power increases, the trend in HET development is growing proportionally toward high-power engines. In the last 10 years, the HET community has seen the completion of flight qualification to western standards of the stationary plasma thruster SPT-100 (1.35 kW) (Refs. 1 and 2), on-going activities for qualifying the SPT-140 (4.5 kW) (Refs. 3 and 4), bipropellant thruster (BPT)-4000 (3 and 4.5 kW) (Ref. 5) , and a 1000-h test of the T-220 (10 kW) (Refs. 6 and 7). The latest trends at government laboratories sponsoring HET research are toward power levels of 50-100 kW (Ref. 8 ). Jankovsky et al. have recently tested a nominally 50-kW engine, 8 and Beal et al. have performed extensive testing on a cluster of four lowpower HETs, 9 with the eventual goal of testing high-power clusters. The ability of high-power HETs to perform orbit raising as well as stationkeeping maneuvers may eliminate the need for chemical rockets on satellites and deep-space probes.
Currently, the widespread use of HETs is hindered by a limited understanding of plume interaction with the spacecraft. The plume contains high-speed ions that can erode sensitive spacecraft surfaces, and contamination products created by thruster discharge channel erosion can coat solar cell optics, thus reducing their performance. The parasitic facility effects present in ground tests create additional plume components such as slow propellant ions and neutral atoms. 10 Ions and neutrals present in the HET plume interact through the process of resonant charge exchange (CEX) collisions.
Accounting for CEX ions is not the only obstacle to using ground tests for in-space performance prediction. The wide range of facilities used in Hall thruster testing makes it difficult for researchers to compare data sets, given dissimilar probe designs and elevated background pressures in facilities with modest pumping speeds and varying geometries. 11 To this end, an investigation has been launched seeking to understand facility effects introduced by elevated background pressures. This investigation has thus far included the characterization of the performance of the P5 HET at different pumping speeds, 12 an evaluation of a collimated Faraday probe's ability to filter out CEX ions while measuring the ion current density at elevated background pressures, 13, 14 and a pressure map of the large vacuum test facility (LVTF) and NASA John H. Glenn Research Center's Vacuum Facility 12 in conjunction with a computational facility model using the direct simulation Monte Carlo method to characterize chamber background pressure of the former. 15 This paper presents Langmuir probe measurements made in the vicinity of a Faraday probe to investigate the formation of electric fields near the Faraday probe. The goal of this work is to understand if the electric field can draw lowenergy CEX ions to the collector, which may explain the increase in measured ion current density in the plume extremities with increasing facility backpressures. Several numerical sputtering model codes have been developed to provide adequate predictions of the HET plume's impact on spacecraft. Inputs to such models are typically the ion energy and ion current density distributions, which are experimentally determined at a known radial position as a function of angle with respect to the thruster centerline. Normally, the ion current density distribution is measured with a "nude" Faraday probe.
A shortcoming of nude Faraday probes is that the measured ion current density depends partly on the facility size and operating pressure, which makes comparisons between ion current density data collected in different facilities nontrivial. Facility effects due to elevated operating pressures are driven by CEX collisions between directed plume ions and the random background population of neutrals. In resonant CEX collisions, a fast moving ion exchanges an electron with a slow moving neutral. Because the process does not involve momentum transfer, the resulting products are a fast neutral moving with the original ion's velocity and a slow ion moving in a random direction. The nude Faraday probe is unable to differentiate between ions created in the discharge chamber and slow CEX ions.
This study investigates Faraday probe collector phenomena by interrogating the plasma in the near field of a nude Faraday probe with a Langmuir probe at background pressures above and below 1. 
Experimental Apparatus Vacuum Facility
All experiments are conducted in the LVTF. The LVTF is a stainless-steel-clad vacuum chamber that has a diameter of 6 m and a length of 9 m. The thruster is mounted at station 1, as indicated in Fig. 1 . At this position, the thruster is medially located along the radial axis of the tank, and the plume is allowed to expand freely approximately 7 m along the centerline axis. The facility is equipped with seven CVI TM-1200 reentrant cryopumps, each of which is surrounded by a liquid nitrogen baffle. With seven pumps operating, the pumping speed of the facility is 500,000 l/s for air, and 240,000 l/s for xenon.
Two hot-cathode ionization gauges monitor chamber pressure, as shown in Fig. 1 . The first gauge is a Varian model 571 gauge with an HPS model 919 hot cathode controller. The second is a Varian model UHV-24 nude gauge with a Varian UHV senTorr vacuum gauge controller. Pressure measurements from both gauges are corrected for xenon using the known base pressure of air and a correction factor of 2.87 for xenon according to the following equation 17 :
where P c is the corrected pressure on xenon, P b is the base pressure, and P i is the indicated pressure when xenon is flowing into the vacuum chamber.
Hall Thruster
The experiments are performed with the U.S. Air Force Research Laboratory/University of Michigan P5 and the NASA-173Mv1 Hall thruster. The P5 has a mean diameter of 148 mm, a channel width of 25 mm, and a nominal power rating of 5 kW. A more detailed discussion of the P5 Hall thruster may be found in Refs. 18 and 19. The P5 and the 173Mv1 have the same discharge channel dimensions, but different magnetic circuit designs. 20, 21 A laboratory-model cathode is located at the 2 o'clock position on the P5 and at the 12 o'clock position on the 173Mv1 (Ref. 22) . The thrusters are allowed to operate for 2 h after initial exposure to vacuum to allow the discharge channel walls to outgas. The cathode orifice is located approximately 25 mm downstream and 25 mm radially away from the outer front pole piece at an angle of 30 deg from thruster centerline. High-purity (99.999% pure) xenon is fed to the Hall thruster from compressed gas bottles through stainless-steel feed lines. Anode and cathode propellant flows are controlled and monitored with MKS 1179A mass flow controllers. The flow controllers are calibrated with a custom apparatus that measures gas pressure and temperature as a function of time in an evacuated chamber of known volume. The mass flow controllers have an accuracy of ±1% full scale.
The thruster is operated at a discharge voltage of 300 V and anode mass flow rates of 4.81 and 5.06 mg/s, corresponding to a discharge currents of approximately 4.35 A. For the experiments reported here, the LVTF is operated at nominal pumping speeds of 70,000 and 240,000 l/s, corresponding to background pressures of 1.5 × 10 −3 Pa (1.1 × 10 −5 torr) and 4.8 × 10 −4 Pa (3.6 × 10 −6 torr), respectively. A previous study has shown that the nude ion gauge reading is the most accurate estimate of the LVTF's background pressure. Both the collector and guard ring are designed to be biased to the same negative potential below facility ground to repel ambient electrons and to minimize edge effects around the collector by creating a flat, uniform sheath over the collection area. Table 1 lists the relevant dimensions of the nude Faraday probe.
The guard ring spacing is compared to the plasma debye length to verify qualitatively the collector sheath profile of nude Faraday probe. Reference 19 contains measurements of typical P5 plume parameters. From the measured electron temperature T e and the electron number density n e , the debye length λ d is calculated, and the probe sheaths t S are approximately 1.5-3.0 mm (sheath thickness 5-10 D lengths). The guard ring gap of the nude Faraday probe is 0.4 mm, which is smaller than the sheath thickness and should result in a smooth sheath surface over the collector.
Data Acquisition System
The thruster is mounted with the exhaust beam aligned with the chamber axis, such that the thruster centerline is referenced as 0 deg. The nude Faraday probe is positioned on an overhead, rotating arm that is attached to a rotary table with a repeatability of 12 arc-sec. The probes are aligned to the center of the P5 exit plane and placed 100.9 ± 0.1 cm downstream of the thruster. A scan of the thruster plume from −100 to 100 deg, in 1-deg measurement increments, takes approximately 6 min.
Probe data are acquired using a 22-bit, 20-channel data acquisition system. The collector surface and guard ring of the nude Faraday probe are biased 20 V below facility ground by a single power supply. Earlier use of nude probes at the Plasmadynamics and Electric Propulsion Laboratory indicates that a bias voltage of −20 V below facility ground is sufficient for the collector to enter ion saturation without substantial sheath growth. 13, 23 The probe current is measured with a 99.6-shunt. Typical collector currents range from 0.2 to 3.4 mA. Table 2 lists the studied 173Mv1 operating conditions. In the following discussion, all data reported are with the collector and guard ring of the nude Faraday probe biased to 20 V below facility ground.
Experimental Results
The effect of facility backpressure on the measured ion current density of the nude probe is investigated by varying the pumping speed of the LVTF. As the facility backpressure increases, the thruster discharge current increases as more background xenon gas is ingested into the thruster discharge chamber. The anode mass flow rate is adjusted to keep the discharge current constant at all pumping speeds. As shown in Table 2 , the magnet settings remain constant at each power setting for both pumping speeds. In Table 2 I ic is the inner magnet current, I oc is the outer magnet current, and V c−g , is the voltage difference between the cathode and ground. Figure 3 shows ion current density traces taken with the nude Faraday probe. Figure 4 shows the ion current density percent difference between the two operating backpressures. The points of interest in each of Figs. 3 and 4 are discussed in subsequent sections of this paper. Figure 3 shows ion current density traces at a 173Mv1 operating condition of 300 V and 4.3 A for both backpressures. The effect of the facility backpressure is clearly seen in Fig. 3 in the wings of the plume. Yet, the ion current density profile is not significantly affected within 20 deg of centerline, which may be explained by noting that, on the centerline, the number of slow CEX ions is negligible in comparison to the number of ions born in the discharge channel. Similar results were obtained by Manzella and Sankovic. 24 However, Manzella and Sankovic changed the facility pressure by bleeding xenon into the test chamber through an auxiliary bleed valve on the tank wall, not by varying pumping speed. The effect of the CEX ions on Faraday probe measurements is most evident at large angles in the ion current density profiles where the primary-to-CEX ion ratio is small. The effect of CEX ions increases as the facility backpressure increases due to an increase in the number of neutrals atoms present in chamber and, therefore, the high number of CEX collisions within the measurement envelope. The increase in CEX ion number density causes the Faraday probe to measure an ion current density higher than the true value.
Discussion
The ion current density percent difference between two pumping speeds displays the effect of facility backpressure on ion current density measurements. Figure 4 shows the percent difference in Fig. 4 , the difference between measurements taken at 1.7 × 10 −3 and 5.7 × 10 −4 Pa is approximately 7% on the centerline. The increasing percent difference at large angles from the centerline corresponds to the greater fraction of CEX ions in the plume perimeter. Figures 3 and 4 show that deviations in ion current density profile increase as the facility backpressure increases for plume angle measurements beyond approximately ±40 deg. One possible explanation for the ion current density deviations is that electric fields may form in the local vicinity of the nude Faraday probe due to the negative bias voltage applied to the guard ring and collector. 1 These electric fields may then capture slow CEX ions and draw them into the collector, which would result in an artificially high ion current density measurement. This process may explain the rise in ion current density in the plume extremities as the backpressure increases. An investigation of the electric field near the probe is required to verify its relation to ion collection.
Probing a Probe
We use a Langmuir probe to interrogate the near-field plasma surrounding the current-collecting nude Faraday probe to help determine the mechanisms that control the Faraday probe collection phenomena. The experiments are conducted in the LVTF using the P5 Hall thruster, which is described in the preceding text. For this portion of the study, the thruster is centered about the chamber centerline, at station 2, as shown in Fig. 1 .
The nude Faraday probe is centered on the P5 Hall thruster centerline 1 m downstream of the exit plane and measures the ion current at angles of 40 and 90 deg from the thruster centerline. Figure 4 shows that at 40 deg, the ion current density percent difference between 1.7 × 10 −3 and 5.7 × 10 −4 Pa is approximately zero. Figure 4 also shows that the ion current density percent difference approaches its maximum at 90 deg. The goal is to measure the electron number density, electron temperature, and plasma potential in the immediate vicinity of the nude Faraday probe to study Faraday probe ion collection phenomena. In addition, these data will be used for verification of numerical simulations and offer guidance on designing improved Faraday probes and/or correction algorithms.
A cylindrical Langmuir probe, manufactured by Hiden, is used to characterize the plasma parameters. The probe tip is constructed of 0.1-mm-diam tungsten and has a length of 7.5 mm. The Langmuir and Faraday probe connections are made with coaxial vacuum feedthroughs at the LVTF wall. The Langmuir probe is oriented such that the collector filament is vertical and perpendicular to the ion beam. The tip of the Langmuir probe collection surface is level with the centerline of the nude Faraday probe and the centerline of the P5 Hall thruster. Two linear translation tables, mounted perpendicular to each other, move the Langmuir probe through the plume. The tables are powered by stepping motors and have an accuracy of ±0.0025 mm in each direction. The thruster plume angle is varied by rotating the thruster on the theta table described earlier.
The floating potential, plasma potential, electron temperature, electron density, and ion density are determined at 43 points spaced from 1 to 20 mm away from the nude Faraday probe for each of the test conditions and plume angles. Figure 5 shows the location of each interrogation point with respect to the nude Faraday probe. In addition, three points are taken significantly farther away from the nude Faraday probe, but in the same plane as the other points. Two points are taken 90 mm off of the thruster centerline in the plane of the probe collector. The third point is taken 100 mm in front of the probe collector surface.
The Langmuir probe bias voltage and current measurements are controlled through the Hiden Langmuir probe system. 25 The Hiden software, ESPion, records the data and calculates the plasma characteristics. The current is measured from the probe through the ion saturation region, the electron energy distribution, and the electron saturation region, respectively, by biasing the Langmuir probe from −25 to 30 V. Each Langmuir probe trace contains 1100 points, and 10 sweeps are obtained at each position. The Langmuir probe is cleaned by the 200+ eV ions that collide with it. Data collection from the nude Faraday probe is accomplished with the same electrical setup described in the first portion of the text.
Probing a Probe Results
The thruster is operated at a discharge voltage of 300 V and an anode mass flow rate of 5.30 mg/s, corresponding to a discharge current of 4.86 A. With the collector and guard ring of the nude Faraday probe biased to −20 V, the Langmuir probe characterizes the plasma in the vicinity of the nude Faraday probe. No change is observed in the measured ion current density while the Langmuir probe characterizes each case.
The Hiden software applies orbital-motion-limited (OML) and thin-sheath theory to the resultant Langmuir probe traces to determine several plasma parameters. The use of OML theory for analysis of the data is valid because the probe radius (0.1 mm) is much smaller than the calculated sheath thickness (0.5-0.9 mm and 5-10 debye lengths). In addition, a collisionless sheath may be assumed because the sheath thickness is much smaller than the electron mean free path (approximately 1 m). The Langmuir probe current (1-5 mA) is small with respect to the total discharge current (4.86 A); thus, the probe represents a minor perturbation to the plasma. Therefore, the measurements and analysis are expected to be valid. For standard Langmuir probe theory, it is indicated in Ref. 26 that the electron temperature and ion number density measurements have an uncertainty of 20 and 50%, respectively.
The most notable plasma parameters measured are the electron density, ion density, and plasma potential. The three additional plume measurements taken significantly far away from the nude Faraday probe are used to verify the assumption that large gradients in the plasma parameters do not exist at positions outside of the area of interrogation for the nude Faraday probe.
The electron and ion densities are calculated for several points around the nude Faraday probe for each test condition. Figure 6 shows the electron density measurements along the centerline of the nude Faraday probe at both backpressures and angles from the thruster centerline. Figure 6 shows that the electron density decreases when the facility backpressure increases. The electron density decreases by 74% for the 40-deg plume angle vs a 54% decrease for the 90-deg plume angle as the pressure increases. In the test case, with a background 4.8 × 10 −4 Pa (3.6 × 10 −6 torr) at 40 deg, the electron density decreases as the Langmuir probe is moved away from the Faraday probe; however, all other test cases show constant electron density or a slight increase as farther distances from the Faraday probe are interrogated. Figure 7 shows the ion density vs distances from the nude Faraday probe at both backpressures and angles from the thruster centerline. The ion density increases as the backpressure increases from 4.8 × 10 −4 to 1.5 × 10 −3 Pa, and the opposite trend is observed with the electrons. At the point closest to the nude Faraday probe, the ion density increases by 117% for the 40-deg plume angle and 171% for the 90-deg plume angle. The ion density generally increases for all test cases as the Langmuir probe moves away from the nude Faraday probe toward the thruster. Figure 8 shows the electron temperature along the centerline of the nude Faraday probe. A slight increase in temperature is noticed at further distances for all cases except for the test case with a backpressure of 4.8 × 10
−4 Pa at the 90-deg plume angle. In this case, the electron temperature does not vary substantially. Figures 9 and 10 show the electron density and Figs. 11 and 12 show the ion density at the 90-deg plume angle at different backpressures. The solid black circles indicate the location of each Langmuir probe measurement. Linear triangulation is used to calculate the values between each measurement point. A definite shadowing effect is apparent for both the electron and ion density measurements. The left side of the Faraday probe, farthest from the thruster exit plane, has lower electron and ion number densities. Figures 13-16 show the plasma potential for each test condition. The plasma potential shows a definite decrease around the nude Faraday probe for both plume angles at the 4.8 × 10 −4 Pa backpressure. However, the trend is unclear at the higher backpressure of 1.5 × 10 −3 Pa. At 40 deg and the lower pressure from the thruster centerline, there is a slight increase in plasma potential, whereas at 90 deg there is no marked change around the probe. The plasma potential is affected more near the probe for lower facility backpressures.
Discussion
The Langmuir probe measurements indicate electron number densities in the range of 10 15 -10 16 m −3 . Haas et al. report electron number densities on the same order of magnitude for similar measurements of the P5 plume. 19 This agreement gives confidence in the Hiden system. Figures 11 and 12 show that the ion number density near the nude Faraday probe is two-three times higher for a backpressure of 1.5 × 10 −3 Pa than for 4.8 × 10 −4 Pa. The electric field present at a backpressure of 1.5 × 10 −3 Pa may be suppressed by the large number of ions around the probe. The factor of increase in ion density at the higher backpressure correlates with the increased current density measured by the Faraday probe. The observation of a larger increase in ion density for higher plume angles is concordant with CEX theory. Figures 13 and 15 show the presence of a weak electric field near the Faraday probe at a backpressure of 1.5 × 10 −3 Pa. The electric field increases in strength and losses symmetry at the lower backpressure of 4.8 × 10 −4 Pa, as shown in Figs. 14 and 16. The electric fields surrounding the Faraday probe are not strong enough to pull CEX ions to the collector, which would lead to elevated ion current density measurements, even in the plume extremities where the ratio of CEX to beam ions is large. Figure 4 shows that the ion current density percent difference between backpressures of 1.5 × 10 −3 and 4.8 × 10 −4 Pa is 1% at 40 deg and 84% at 90 deg. The 84% difference at 90 deg agrees well with the Langmuir probe data, which show that the ion number density is always greatest at the higher backpressure of 1.5 × 10 −3 Pa. For angles of 40 deg to the thruster centerline, the measured ion current density is greatest at the lower backpressure of 4.8 × 10 −4 Pa. At a backpressure of 4.8 × 10 −4 Pa there are fewer CEX collisions and, hence, more beam ions than at the higher backpressure of 1.5 × 10 −3 Pa. Yet, the Langmuir probe indicates that the ion number density is greatest at the higher backpressure.
The percentage of beam ions that reach the Faraday probe and the Langmuir probe is affected by the facility operating pressure. Gulczinski's ion energy distribution measurements of the P5, at the 300-V, 5-A operation condition, show that the ion energy of singly charged ions at 40 and 90 deg is approximately 280 and 180 eV, respectively. 27 The percentage of beam ions that reach the Faraday probe and the Langmuir probe without a collision is calculated using the ion energy estimates and the Xe-Xe + cross section data in Ref. 28 . At 40 deg the beam ion survival rate is 90% for 1.5 × 10 −3 Pa and increases to 97% for 4.8 × 10 −4 Pa. At 90 deg, the beam ion survival rate is 89% at 1.5 × 10 −3 Pa and increases to 96% The cylindrically shaped Langmuir probe collects low-energy CEX ions from all directions. It also collects energetic beam ions that make a direct collision with the electrode. In comparison, the Faraday cup only collects current from the disk collector facing the thruster. CEX ions that approach the Faraday probe from the sides or from behind are not collected due to its geometry. Therefore, the Langmuir probe is more susceptible to higher current density measurements due to CEX ions approaching from all sides of the probe at higher pressures. This may explain why the Langmuir probe indicates a higher ion number density for the 1.5 × 10 −3 Pa backpressure, whereas the Faraday probe indicates that the ion current density is greatest at the 4.8 × 10 −4 Pa backpressure at 40 deg to the thruster centerline. Because the beam survival rate is higher for lower pressures, more beam ions are collected by the Faraday cup, and a higher current density is measured.
A shadowing effect is observed in ion density measurements around the Faraday probe in Figs. 9-12. Ions emanating from near the centerline of the plume created by CEX collisions could be arriving at the probe from the side. This could be a result of the negative potential of the Faraday probe repelling electrons from the face of the probe, as well as the drawing of ions through a forced diffusion process toward the probe.
The plasma potential plots show that the electric field is confined to within a few centimeters of the Faraday probe. The electric field occupies a larger region for the lower backpressures; however, only a variance of approximately 3 V was measured for each of the test cases. Therefore, the trajectories of the beam ions with respect to the Faraday probe (traveling between 180 and 280 eV) are virtually unaffected by the electric field. The contribution to current density from beam ions is unlikely to change for each test case because the electric field is weak around the Faraday probe. However, the increase in current density can be attributed to thermal ions produced by CEX. If a Maxwellian velocity distribution of the thermal energy ions is assumed, a random flux calculation for the current density can be estimated through the ion temperature and density. In Eq. (2), c i represents the thermal speed of the ions:
Williams et al. observed ion temperatures ranging from 350 to 500 K through laser-induced florescence measurements in the plume. 29 If the xenon ion temperature is assumed to be approximately 425 K, and the measured ion densities are approximately 1 × 10 16 m −3 (at 90 deg at a backpressure of 1.5 × 10 −3 Pa) and 5 × 10 15 m −3 (at 90 deg at a backpressure of 4.8 × 10 −4 Pa), a difference in the random ion flux current density to the presheath before the Bohm velocity criterion is applied can be estimated. The thermal velocity of the xenon ions is approximately 232 m/s at 425 K. With these parameters, the difference in the random flux current is estimated to be 4.6 × 10 −3 mA/cm 2 . For the test cases chosen, the measured difference between ion current density measurements for different backpressures at 90 deg is approximately 3.9 × 10 −3 mA/cm 2 . The estimated increase in current density from thermal ions and the measured difference in current densities for different background pressures are within 20% of each other. This concurs with the theory that thermal ions created from CEX at higher background pressures increase current density measurements at angles beyond 40 deg from the thruster centerline.
Conclusions
The ion current density distribution of the 173Mv1 Hall thruster at typical operating conditions is measured with a nude Faraday probe. The magnitude of the ion current density in the plume increases at large angles from the thruster centerline with increasing facility background pressure because the Faraday probe collects CEX ions. The Langmuir probe measurements show a weak electric field near the Faraday probe that is confined to within a few centimeters of the probe face. The magnitude of this electric field is not strong enough to affect CEX or discharge ion collection by the probe surface significantly.
